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Proton chemical shifts have long been recognized to con-
tain highly valuable structural information (/-70). Recent
developments in empirical models for chemical-shift cal-
culations have shown that it is now possible to predict 'H
chemical shifts for nonexchangeable protons to within 0.23-
0.25 ppm for proteins for which high-resolution crystal
structures are available ( /7, 12). Further, it is generally ob-
served that the shifts calculated from high-resolution crystal
structures are significantly closer to the experimental ones
than those calculated from the corresponding NMR struc-
tures (/3). In this light, it seems of interest to incorporate
'H chemical-shift restraints directly into the refinement of
protein structures determined by NMR, in a manner anal-
ogous to that recently described for * J;n. coupling constants
(14) and "*Ca and '3CB chemical shifts (75). 'H chemical-
shift restraints were recently employed in the determination
of the solution structure of carbonmonoxy myoglobin (/6).
However, the presence of a heme group that exerts very large
ring-current shifts, together with the facts that the calculations
were based on a relatively low number of experimental in-
terproton distance restraints (an average of 8.5 per residue)
and that the resulting structures were of relatively low pre-
cision, makes it difficult to assess the real impact of direct
'H chemical-shift refinement for a non-heme-containing
protein. In this Communication, we have examined the re-
sults of direct 'H chemical-shift refinement using human
thioredoxin ( 105 residues) as a model system. This particular
system provides an ideal test case as a very-high-precision
NMR structure, based on about 29 experimental NMR re-
straints per residue, is available (/7).

The calculated "H chemical shift, o, can be decomposed
into the four terms

Ocalc = Orandom + Oring + T ani + OE, [1]
where randoms Fring Oani» and og are the random coil, ring-
current, magnetic-anisotropy, and electric-field shifts, re-
spectively. To incorporate 'H chemical shifts directly into
the refinement procedure, we have simply added a 'H chem-
ical-shift pseudoenergy term, E . of the form
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(2]

Eprm = Z kpro\ (Fcatci — T obs.i )2-
i

where k,,, is the force constant, and o, and oy, are the
observed and calculated 'H chemical shifts, respectively, of
proton /, to the simulated-annealing program XPLOR
(18, 19).

In implementing the target function given by Eq. [2], our
description and parameterization of the various terms in Eq.
[1] describing o, follows exactly that given by Williamson
and Asakura (/2). The value of oy, is given by

Oring = IBG(r), [3]
where 7 is a ring-current intensity factor, B is a proportionality
constant related to the susceptibility of the ring, G is a spatial
term, and r is the vector from the observed proton to the
ring. The description employed for G(r) is that of the Haigh-
Mallion theory (20), where

G(r) = 28, (ri* +r7?), (4]

where r; and r; are the distances from the ring atoms 7/ and

J to the proton of interest, and S, is the area of the triangle

formed by atoms / and j and the proton projected onto the
plane of the ring; g,, is described by the M1 model and
represents the sum of the anisotropies arising from the C'-
O and C’~N bonds of the backbone and the side-chain func-
tional groups of Asp, Glu, Asn, and Gin (2, 15),

C'-N,C"-O

Oani = Z
+ AXz (3 cos?¢ — 1)],

(3rsgyn) 2 1AX, (3 cos? — 1)
[5]

where ry;n is the distance from the proton to the center of
anisotropy X along the C-O or C-N bond j; AX, ;and AX; ;
are constants that depend on the bond type j; 8 is the angle
between the X (/)H vector and the normal to the plane de-
fined by the atoms of the bond of interest plus a third atom
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TABLE 1
Structural Statistics®
(SAn) (SA) (SAor)
RMS deviation from 'H shifts (ppm)®
Overall (403) 0.25 + 0.002 0.31 £ 0.003 0.31 = 0.004
CaH (105) 0.28 + 0.003 0.32 +£ 0.004 0.31 £ 0.004
methyl (51) 0.20 + 0.006 0.29 £ 0.013 0.29 + 0.010
other (247) 0.24 + 0.003 0.30 £ 0.005 0.31 £0.005
RMS deviation from carbon chemical shifts (ppm)*
3Ca (102) 1.08 + 0.01 1.03 + 0.03 1.23 £ 0.01
13CB(97) 0.99 + 0.01 0.94 = 0.02 1.13 £0.02
RMS deviations from experimental restraints
Interproton distances (A) (2571) 0.015 = 0.001 0.013 = 0.001 0.008 +0
Torsion angles (degrees) (273) 0.280 + 0.058 0.193 + 0.038 0.169 = 0.015
3T une (Hz) (89) 0.46 + 0.015 0.42 + 0.004 0.33 = 0.008
Ey; (kcal mol™y? -495+ 9 ~506 + 9 —493 + 7
RMS deviations from idealized geometry

Bonds (A) (1653) 0.004 + 0 0.004 + 0 0.003 £ 0
Angles (degrees) (2985) 0.519 + 0.008 0.506 = 0.008 0.480 = 0.003
Improper torsions (degrees) (838) 0.308 +£ 0.010 0.273 £ 0.012 0.227 £ 0.003

“ The notation of the structures is as follows: (SAy.), (SA.», and (SA,;) are the ensemble of proton and carbon chemical-shifi refined, carbon chemical
shift refined, and original structures, respectively. There are 40 individual structures in each ensemble, and S—A,,c, SA,, and SA,y are the mean coordinates
obtained by averaging the coordinates of the individual structures in (SA,.), (SA.}, and (SA,;) ensembles, respectively. The (SA_) and (SA;) coordinates
are from (/5) and (/7). respectively. The number of terms for the various restraints is given in parentheses. All the structures were calculated using the
simulated-annealing protocol of (25) with minor modifications using the program XPLOR (/8. 19}. The final values of the force constants for the various
terms are as follows: 7.5 kcal mol™! ppm™2, 0.5 kcal mol™' ppm™, and | kcal mol™' Hz? for the harmonic proton chemical shift, carbon chemical shift.
and coupling constant restraints, respectively; 30 kcal mol™' A=2 and 200 kcal mol™' rad~? for the square-well interproton distance and torsion angle
restraints, respectively; 500 kcal mol™' A2 and 500 kcal mol™' rad™? for the harmonic bond and angle (bond angles and improper torsions) terms,
respectively; and 4 kcal mol™' A~ for the quartic van der Waals repulsion term with the hard-sphere van der Waals radii set to 0.8 times their values in
the CHARMM PARAMI19/PARAM20 energy parameters (26).

4 All exchangeable protons (backbone and side-chain amides) are excluded.

¢ All Ca and CB chemical shifts are included with the exception of the shifts for the two cysteine residues (Cys32 and Cys35) and the single histidine
(His44) and tryptophan (Trp31) residues (/5).

¢ Eyy is the Lennard-Jones van der Waals energy calculated with the CHARMM empirical energy function (26). It is not included in the target function

for simulated annealing.

(Ca, C', and O for the C'-O bond, O, C’, and N for the C'-
N bond, Cg, Cv, and Oé1 for Asn, Cvy, Cé, and Oel for Gin,
CB, Cv, 061 and CB, Cv, 062 for Asp, and Cv, Cé§, Oel and
Cy, Cé, O€2 for Glu); and ¢ is the angle between the X (j)H
vector and the axis located in the plane of the three atoms
that is perpendicular to the z axis defined by the bond of
interest. Finally, o is described by the E2 model (21, 22),

Nheavyatom

z

i=1

(Q;/riu)cos 6;, [6]

Og —

where i represents a heavy atom, 8, 1s the angle between the
i-H and C-H vectors, Q; is the charge on i, and r;y is the
distance from i to H.

In order for the atomic forces to be calculated during sim-
ulated annealing (or conjugate gradient minimization ), the
partial derivatives of the proton shift energy with respect to
the x, y, and z coordinates of each atom that contributes to
a change in a proton shift must be calculated. Thus, for ex-
ample, the partial derivative of E, with respect to the x
coordinate of atom / is calculated by the chain rule as

aEprol/axi = karox( Oring + Gani + 0 + Orandom — Oobs)

X (ao'ring/axi + aU'ani/axi + (90'5/(9.7(,’), [7]
where 00ing/ 0X;, 30,0i/3x;, and dog/dx; are the partial de-
rivatives of gyin,, 0,n;, and o with respect to the x coordinate
of atom /. Note that d¢ngom/9x; and do.ns/Ox; are zero,
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TABLE 2
Atomic RMS Differences?®

Atomic RMS difference (A)

Backbone All ordered
atoms All atoms atoms?
Coordinate precision
(SApe) vs SA 0.21 + 0,03 0.61 % 0.03 0.33 + 0.03
(SA) vs SA. 0.23 +0.03 0.63 = 0.04 0.35+ 0.03
(SAg) vs SA 0.19 £ 0.02 0.60 = 0.03 0.30 + 0.02
Atomic RMS shifts
SAp Vs SA 0.32 0.39 0.36
SAp vs SA. 0.24 0.31 0.27
SA. vs SAuq 0.19 0.27 0.22

“ The notation of the structures is given in footnote a to Table 1.
® The list of ordered atoms is given in (I7), which describes the original
structures.

since these terms do not depend on the coordinates. The
partial derivatives of the individual terms (do,,,/9x;, etc.)
are long expressions and were evaluated using Mathematica
(23). In order to make them computationally feasible, sub-
expressions that the partial derivatives with respect to the
varying atoms have in common were calculated first and
saved as temporary variables. A similar procedure was un-
dertaken recursively to simplify each common subexpression.
The procedure was automated with the Mathematica pro-
gram “Optimize” (24).

The results of direct refinement against 'H chemical shifts
are summarized in Tables 1 and 2. The starting structures
comprised the original ensemble of 40 simulated-annealing
structures calculated on the basis of 2933 experimental NMR
restraints consisting of interproton distances, torsion angles,
and 3Jyn. coupling constants (/7). These structures also
served as the starting structures in our study on the effect of
direct refinement against '>C chemical-shift restraints (15).
The new ensemble of structures was calculated incorporating
both 'H and '3C chemical shifts into the refinement using
the simulated-annealing protocol of Nilges et al. (25) with
minor modifications. This particular protocol which involves
a period of dynamics at 1500 K followed by slow cooling to
100 K has a very large radius of convergence and has been
designed to overcome large energy barriers on the path to-
ward the global minimum region and to rigorously sample
the conformational space consistent with the target function
(25). Thus, for example, chains can readily interpenetrate
each other during the early stages of the refinement. The
quality of the nonbonded contacts (assessed independently
by calculating the Lennard-Jones van der Waals energy)
and the deviations from idealized covalent geometry remain
unaffected by the incorporation of 'H chemical-shift re-

295

straints. The agreement with the experimental NMR re-
straints is within experimental error and, with the obvious
exception of the 'H chemical-shift restraints, is comparable
to those of the structures refined against *Ca and *C8
chemical shifts (Table 1).

The deviations between the calculated 'H shifts for an
ensemble of 40 random structures (with intact covalent ge-
ometry and no van der Waals overlap) and the observed
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FIG. 1. Agreement between observed and calculated 'H chemical shifts
(ppm) before (gray circles) and after (black circles) '"H chemical-shift refine-
ment for (a) CaH protons, (b) methyl protons, and (c) all other nonex-
changeable protons of all 40 simulated-annealing structures. For a linear fit
to the observed versus calculated chemical-shift data, the correlation coef-
ficients for the CaH, methyl, and all other nonexchangeable protons are
0.769, 0.628, and 0.599, respectively, before 'H chemical-shift refinement,
and 0.820, 0.838, and 0.757, respectively, after '"H chemical-shift refinement.
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shifts is 0.48 + 0.02 ppm for all nonexchangeable protons,
0.57 = 0.03 ppm for CaH protons, 0.44 + 0.02 ppm for
methyl protons, and 0.47 + 0.03 ppm for all remaining non-
exchangeable protons. If we consider that the error in the
calculation of the "H shifts is 0.23 ppm [the value of the best
RMS deviation between observed and calculated shifts ob-
tained from an analysis of crystal structures (/2)] then the
fraction of further meaningful improvement, defined as
(RMSg,, — 0.23)/(RMS ngom — 0.23), that could be ob-
tained for the structures refined with 'H chemical-shift re-
straints is 0.08 for all nonexchangeable protons, 0.15 for
CaH protons, 0 for methyl protons, and 0.04 for the re-
maining nonexchangeable protons. The corresponding val-
ues for the two ensembles of structures calculated without
'H chemical-shift restraints are 0.32, 0.24-0.26, 0.29, and
0.29-0.33, respectively. Hence, there is a large and highly
significant improvement in agreement between observed and
calculated 'H chemical shifts upon refinement with 'H
chemical-shift restraints. This is clearly illustrated by the plots
of observed versus calculated 'H chemical-shifts shown in
Fig. 1 and by the histograms of the distribution of errors
shown in Fig. 2.

The precision of the structures is unaffected by 'H chem-
ical-shift refinement but is accompanied by a small atomic
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FIG. 2. Histogram of the distribution of errors between calculated and

observed 'H shifls (a) before and (b) after 'H chemical-shift refinement for

all nonexchangeable protons of all 40 simulated-annealing structures.
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FI1G. 3. Stereoview of the active site and neighboring regions of reduced
human thioredoxin showing a superposition of the ensemble of 40 simulated-
annealing structures before (gray) and after (black) refinement against 'H
chemical shifts.

RMS shift in the coordinates (Table 2). The latter is a little
larger than that obtained when only '3C chemical shifts are
used in the refinement and is most marked in the region of
the active site due to the presence of a Trp (Fig. 3). Nev-
ertheless, the three ensembles of structures still overlap in
virtually all regions of the structure. The fact that a large and
significant improvement in the agreement between observed
and calculated 'H chemical shifts can be achieved without
affecting the precision of the coordinates and with only small
atomic RMS shifts is a testament to the high quality of the
starting ensemble of structures. It also suggests that while
the atomic RMS shifts upon 'H chemical-shift refinement
are small they may be significant and lead to an increase in
accuracy of the coordinates.
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